An approach based on measurements of the total energy distribution (TED) of field emitted electrons is used in order to examine properties of the Pd(133) from the aspect of hydrogen adsorption. The most favourable sites offered to a hydrogen atom to be adsorbed are indicated and an attempt to ascribe the peaks of the enhancement factor R in the TED spectrum to the specific adsorption sites is made.
Introduction
Hydrogen adsorption on d transition metal surfaces, owing to its particular importance in catalysis, has attracted considerable attention over many years and much work has been done to investigate phenomena of interest. The H/Pd adsorption system is considered as a convenient object for examination of technologically important processes taking place on the surface and a lot of efforts to study palladium surfaces interacting with hydrogen have been undertaken. Most of those studies, both experimental and theoretical, were devoted to well-defined low index crystallographic planes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . It has been determined that hydrogen adsorbs dissociatively on these surfaces, usually on the highly coordinated sites [1] . Hydrogen diffusion into subsurface positions takes place at temperatures 115-140 K and at pressures as low as 10 −4 Pa [2, 12] .
Although it is well known that the presence of surface * E-mail: a.tomaszewska@ajd.czest.pl defects such as steps significantly influences the adsorption properties of the system [13] , very little attention has been devoted to the hydrogen adsorption on defectrich palladium surfaces. Very few exceptions concern Pd (210) [14, 15] , Pd (311) [16] [17] [18] and Pd(211) [19] . Despite the general tendency of hydrogen atoms to occupy highly coordinated sites is also preserved on the stepped surfaces, it was shown that the highest energy was not always related to a hydrogen atom being adsorbed on the highest coordinated site [15, 19] . In addition, there is a strong need to distinguish between the sites with even the same coordination number as not all of them are equivalent [19] .
Keeping in mind the above facts, we shall now focus on hydrogen interaction with the Pd(133) surface whose adsorption properties, due to the existence of a wide variety of potential adsorption sites with different coordination numbers, are expected to be unique. A model of the surface under study is shown in Fig. 1 . It seems to be a stepped one which consists of terraces of close packed (111) plane. We used the field emission techniques for the investigation of adsorption properties of the surface of interest. The measurement data of the total energy distribution (TED) of electrons emitted from that surface were partially presented in our previous paper [20] , and here we discuss the results in reference to the geometrical structure of the emission area. In particular, an attempt to identify the energetically most favourable adsorption sites available to a hydrogen atom is undertaken.
Experimental
The field emitter tip was prepared from a 0.1 mm palladium wire of 99.99% purity by means of an electro-polishing procedure [21] , and spot welded to a 0.2-mm molybdenum wire loop. The emitter tip assembly was kept at liquid nitrogen temperature during the course of imaging in the field emission microscope (FEM) which was equipped with a standard ultrahigh vacuum system as well as low-pressure measurement facilities. Prior to measurements, the emitter surface was cleaned by prolonged pre-annealing at a temperature of 1000 K. After the background pressure 10 −10 hPa was reached in each measurement step, the emitter surface was exposed to hydrogen. The emitter was heated up to 1000 K and the system was pumped out before each successive dose of hydrogen was admitted into the vacuum chamber. The FEM patterns of the multifaceted emitter tip surface were observed directly on the microscope screen and registered by a digital camera. In the regime of electron TED, the study was carried out by local measurements through a probe hole of 2 mm diameter in the microscope screen just opposite the emitter tip. Owing to the probe hole, only an electron beam originating from the specific surface area of the emitter tip is directed towards a retarding analyzer by electrostatic field. The analyzer used in this investigation was a slight modification of Plummer and Young's design [22] . Its resolution, estimated by the correlation theory [23] , was about 50 meV. In the case of local investigations we could assume that only the signal originating from the Pd(133) surface contributed to the TED measurements. The reason for selecting that surface for investigation is justified in the next section, and we underscore here that our attention is mainly towards the qualitative description of hydrogen adsorption on the Pd(133).
Results and discussion
An FEM pattern of the clean palladium tip surface (111)-oriented as well as a series of images taken after increasing hydrogen exposures of the surface at T = 78 K are shown in Fig. 2 . Prior to hydrogen exposure of the palladium surface, a strong electron emission from the regions around the {110}-type planes is observed (Fig. 2a) . For a hydrogen exposure of 10 L, a strong deformation of the regions in question is noticeable (Fig. 2b) . The deformation manifests itself in the formation of individual areas of oblong shape. Increasing the applied exposure to 240 L leads to the appearance of a large number of planes which are placed on the perimeter of triangle in the centre of which the (111) plane is positioned (Fig. 2c) . The final, 600 L image (Fig. 2d) shows the (111) plane surrounded by a ring composed of separate spots corresponding to the planes whose contribution to the total emission current is prevailing. We believe that the observed alterations in FEM picture of the hydrogen exposed palladium tip are due to the occurrence of the adsorbate-induced structural changes in the surface. Also, the appearance of the alterations in surface structure is expected to be accompanied by changes in electronic structure of the substrate. By employing the TED measurement of electrons emitted from a selected plane, we have an opportunity to examine these changes in more detail is provided. For this kind of investigation, the Pd(133) plane, whose structure is described in the Introduction, was chosen. The choice of this plane was motivated by our previous observations concerning the formation process of palladium surface hydrides. Namely, upon analyzing the field ion microscopy (FIM) patterns taken after Pd-surface exposure to hydrogen, the existence of characteristic stripes on several Pd-microcrystal facets was revealed. Those stripes, whose origin we explain by surface palladium hydrides formation [24] , were most pronounced on the (133) surface region. Although the surface hydrides formation is not the main focus of the present paper, we should keep in mind that this process is followed by a series of events taking place on the surface, among which hydrogen adsorption seems to be the necessary prerequisite. Hence, an examination of adsorption properties of the surface through which hydrogen penetrates the subsurface is a worth mentioning question. Fig. 3a shows an FIM image taken after Pd(133) exposure to hydrogen where the stripes of interest are displayed. For comparison, the image of an equivalent area of the clean surface is shown in Fig. 3b. (Both pictures are fragments of FIM images of the entire Pd tip surface.) The TED spectrum of field emitted electrons from the clean Pd(133) surface has been discussed in our previous work [20] . However, for better understanding the adsorbate-induced changes in TED we shortly remind the reader of those findings. The relevant spectrum is shown in Fig. 4a . As is seen, TED spectrum does not reveal the presence of any resonant states, which means that the ad- sorption of residual gas did not take place in this case. The energy of the Fermi level (E F ) was estimated to be about 4.25 eV. It was shown in [20] that the TED spectrum of Pd(133), registered after 240 L hydrogen was admitted to the chamber at 78 K, includes four resonant states located at 0.32, 0.55, 0.70 and 0.88 eV below the E F Within the commonly acceptable chemisorption model [25] , the effects like this have to be explained by the appearance of four different chemisorption states. Such an explanation, with reference to the geometrical structure of the substrate on which the adsorption processes take place, seems to be reasonable. Namely, as it was mentioned in Introduction, the Pd(133) surface provides a large number of adsorption sites whose coordination varies from one to three. Since, according to the approved rules, independently of the surface geometry, the sites with the highest coordination are generally most likely to be occupied [1] . Hence, in our case, only the sites in which a hydrogen atom is expected to form three bonds with the surface atoms, in principle, should be taken into account. The sites of interest are labelled in Fig. 1 as A, B , C and D. Let us briefly discuss these sites. First of all, if a hydrogen atom occupies the site marked A which is situated above the tetrahedral void, one of three substrate atoms which take part in H-Pd bonds formation is positioned at the edge. As a result, only two of three H-Pd bonds are saturated. Then, in the case of B-site two of three palladium atoms involved in H-Pd bonds formation are located at the edge. That is why the number of H-Pd saturated bonds is limited to one. Also, the site C is, in our opinion, very similar to those on the Pd (111) for which the adsorption energy per hydrogen atom is equal to 0.51 eV [26] . It is clearly seen that each of the bonds that a hydrogen atom, adsorbed in this position, forms with substrate atoms should be saturated. Finally, if the hydrogen atom is chemisorbed on D-site which is built into the terrace steps, it is located above the octahedral void, and, like the case of B-position, it can form two unsaturated bonds with the substrate atoms. However, a palladium atom which forms saturated bonds with a hydrogen atom adsorbed on the B-site, is positioned just on the surface whereas in the case of the D-site the substrate atom participating in the creation of an H-Pd saturated bond offers a lesser number of unsaturated bonds. Hence, we suppose that the B-site is the most favourable one for a hydrogen atom to be adsorbed. Then, the energetic ordering of the adsorption sites should be: A, D and C. The question arises: in what manner should we assign the above-discussed peaks in TED spectrum to the adsorption sites available on this surface? A partial answer can be given through the analysis of the enhancement factor R which, in the case of chemisorption studies, is given by the ratio of the TED (ε) from an adsorbate covered surface to the TED from the clean surface (ε) [27] :
0 (ε) According to the chemisorption theory [28] , if an adsorbate atom approaches a metal surface, its sharp level broadens by interaction with the metal, and the enhancement factor can reveal the characteristics of the local density of states of the adsorbate. Fig. 4b shows the enhancement factor R for emission from Pd(133) surface exposed to a 240 L dose of hydrogen. It is seen from the figure that under these conditions a welldefined structure in R develops, which consists of a hump at about 4.4 eV as well as four peaks positioned at the energy 4.52; 4.74; 4.89 and 5.08 eV, respectively. We believe that the occurrence of the hump is a result of a broadening of energetic states caused by hydrogen (more precisely, positively charged β + adspecies [29] ) incorporation into the subsurface, whereas the four remaining peaks result from the broadening and shift of adatom's energy levels. As for the peaks, our assumption seems to be reasonable if we keep in mind the existence of four potential adsorption sites on the Pd(133). The full width at half-maximum (FWHM) of each peak as well as their intensities are collected in Tab. 1. The above-mentioned effects, namely the broadening and shift of adatom's level are mainly due to the binding hydrogen-substrate interaction leading to the hydrogen adsorption on a specific site. However, the applied electric field is another factor which cannot be omitted in the appearance of these effects. The significance of the presence of the electric field is even more pronounced if the adsorption on a stepped surface is taken into account. It is a well-known fact that the magnitude of the local electric field at the most protruding atoms positioned at the edges is enhanced in comparison with smoother surface regions. Hence, because of the field presence, we should expect that hydrogen should be bound stronger with the sites labelled by A, B and D (Fig. 1 ) than those with C. As to the influence of electric field on the shift of an adatom's energy levels, we believe that higher the electric field, deeper the level is positioned below the Fermi energy. Therefore we shall assign the peak at 5.08 eV (Fig. 2b) to the adsorption of hydrogen on the site denoted by B on the Pd(133) surface. Then, the adsorption on the A-site results in the peak appearance at 4.89, while the peak at 4.74 is caused by the adsorption on the D-site. Finally, the peak at 4.52 eV is related to hydrogen adsorption on the C-site, which is considered as the least energetically favourable one among the other ones.
Summary
The results of TED of electrons emitted from the hydrogen covered Pd(133) surface region indicate that for the 240 L hydrogen exposure the adsorption takes place on four different sites. This accounts for the occurrence of four peaks in the energy dependence of the enhancement factor, positioned at 4.52; 4.74; 4.89 and 5.08 eV.
We have also identified the preferential adsorption sites on the Pd(133) on the basis of both the geometry considerations and the measurements of the enhancement factor. However, we would like to stress that quantum-chemistry calculations should be done to verify the present result.
